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Abstract
It is well known that grain boundaries (GBs) have a strong influence on mechanical properties of polycrystalline materials. Not
as well-known is how different GBs interact with dislocations to influence dislocation movement. This work presents a molecular
dynamics study of 33 different FCC Ni bicrystals, each subjected to four different strain states to induce incident dislocation-GB
interactions for 132 unique configurations. The resulting simulations are analyzed to determine properties of the interaction that
affect the likelihood of transmission of the dislocation through the GB in an effort to better inform mesoscale models of dislocation
movement within polycrystals. It is found that the ability to predict the slip system of a transmitted dislocation using common
geometric criteria is confirmed. Furthermore, machine learning processes are implemented revealing that geometric properties,
such as the minimum potential residual Burgers vector (RBV) and the disorientation between the two grains, are stronger indicators
of whether or not a dislocation would transmit than other properties, such as the resolved shear stress.
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1. Introduction
It is no secret that mechanical behavior is strongly influenced
by the grain boundaries (GBs) within the material. The move-
ment of dislocations, the main carriers of deformation in most
metals, is inhibited by the material's GBs, which can act as ob-
stacles, sinks, or sources for dislocations [1–4]. This influence
can be observed in the Hall-Petch relationship, which shows
that as the average grain size of a polycrystalline material de-
creases its yield strength increases [5, 6]. This relationship has
been exploited for years in the production of enhanced mate-
rials, such as nanocrystalline metals, which offer significantly
increased hardness and strength [7–9]. While the Hall-Petch
relationship has been shown to match the macroscopic effects
of reduced grain size, understanding of exactly how dislocation
interactions at each GB cause the Hall-Petch relationship is still
not well understood.
The work presented here is part of a collaborative effort
involving experimental work [10–13], mesoscale modeling
[14, 15], and atomistic simulations [16] aimed at better un-
derstanding how large populations of dislocations interact with
GBs. The present work contributes by investigating the at-
tributes that affect the GB-dislocation interactions at the atomic
scale, which can then be used to inform the mesoscale modeling
and interpret experimental observations.
Due to the relative paucity of characterized GBs to the vast
number of possible GBs, characterizing such interactions re-
mains a daunting task despite the work already done in this
field. This stems from the 5-degrees of freedom that define
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the macroscopic character of a GB: three to define neighbor-
ing grains’ relative rotation to one another and two to define
the boundary plane's orientation [17, 18]. Additional complex-
ity is involved, since multiple types of GB-dislocation interac-
tions are possible and can be summarized here in four main
categories: 1) nucleation of a dislocation at the GB, 2) absorp-
tion of a dislocation into the GB, 3) slip transmission wherein
the dislocation passes through the GB, and 4) reflection of the
dislocation at the GB [16, 19–22], with the most studied being
nucleation and transmission. Additional attributes, such as tem-
perature, structure of the GB at the location of the interaction,
the slip systems involved, etc., further complicate the ability to
fully resolve the nature of GB-dislocation interactions. Finally,
the time and length scales required to study dislocation-GB in-
teractions make it difficult to capture all the attributes involved
in such an interaction in a small number of experiments or sim-
ulations. Despite the daunting size of the task, several studies
have made significant strides in understanding dislocation-GB
interactions, as discussed below.
From experimental work, researchers have been able to
gain a better understanding of the attributes involved in the
dislocation-GB interactions responsible for effects such as the
previously mentioned Hall-Petch relationship. Techniques such
as transmission electron microscopy (TEM), electron back-
scattered diffraction (EBSD), and digital image correlation
(DIC) allow one to observe the dislocation activity present
within a strained specimen and capture attributes involved in
dislocations’ interactions with GBs [19, 23–25]. For example,
Shen et al. observed dislocation transmission in 304 stainless
steel, finding that geometrically well aligned slip systems at the
GB are the preferred slip systems for transmission, with the re-
solved shear stress (RSS) being the deciding factor for transmis-
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sion if two or more slip systems were equivalently aligned [19].
This work confirmed and refined Livingston and Chalmers’ ge-
ometric criteria for predicting which slip system would be ac-
tivated in a transmission event [26]. By adding the stipulation
that the residual Burgers vector (RBV) should be minimized to
the geometric criteria of Livingston and Chalmers and the stress
criteria from Shen et al., the commonly used LRB criteria was
created [27]. Additionally, Abuzaid et al. used DIC in com-
bination with EBSD to support the hypothesis that the RBV
is frequently minimized when transmission occurs [23]. Lim
and Raj observed more slip continuity through GBs with low
Σ value coincident site lattice (CSL) GBs as opposed to those
with high Σ values [24]. While significant understanding has
been achieved through experimental techniques, these methods
are limited in their capabilities to control the interactions ob-
served. Two main shortcomings that restrict the abilities of ex-
perimental techniques to more fully explore this problem are
their inability to observe interactions in a large variety of GBs,
as well as the challenge of measuring additional attributes asso-
ciated with the interaction, such as GB energies or the structure
of the GB at the location of the interaction.
Researchers have developed mesoscale models, like the
discrete dislocation dynamics model [28–30] to model the
dislocation-GB interactions seen experimentally and have
shown that the Hall-Petch relationship is dependent on the abil-
ity of dislocations to transmit. Another model, developed by
Lim et al., utilizes a two-scale model called the Superdisloca-
tion (SD) model, to model the Hall-Petch effect in polycrys-
tals using Finite Element Method (FEM) techniques [15]. This
method builds on work done by Shen et al. [31] to determine
a GB's resistance to dislocation absorption or transmission by
calculating an effective critically resolved shear strength of the
GB, termed the obstacle stress, τobs, for a given dislocation-GB
interaction, according to the equation
τobs = (1 − T F)τ∗ (1)
where τ∗ was observed in stainless steel to be approximately
five times the macroscopic yield strength and TF is the trans-
missivity factor (not to be confused with the Taylor Factor)
which measures the relative alignment between the impinging
dislocation slip system and the potential transmitted dislocation
slip systems. In its current state, the SD model shows promise
in predicting deformation behavior when the material response
is based on the interactions between the dislocations at the mi-
croscale [15]. The authors believe that the SD model’s accuracy
could be improved by inclusion of better information about GB-
dislocation interactions.
Molecular dynamics (MD) tools provide a complementary
approach to exploring the variety of attributes believed to af-
fect the resulting interaction and to evaluate different criteria for
transmission of dislocations. In a variety of MD simulations, a
number of factors have been found to affect how dislocations
interact with GBs, including: the static energy of the GB [32],
ratio of RSS from outgoing dislocations to incoming disloca-
tion [25], Schmid vs. non-Schmid slip [33], temperature [34],
misorientation [25, 35–37], and location of the interaction [37].
However, in a separate study, Mrovec found that the geomet-
ric criteria commonly used to characterize transmission do not
always hold [38].
Of particular interest in this work is the ability to predict
which slip system the emitted dislocation will transmit onto
when transmission occurs. Several MD studies have confirmed
experimental findings which suggest that selection should be
made based upon the potential slip system with the maximum
TF or upon minimization of the magnitude of the RBV left in
the GB after transmission[20, 25, 32, 35].
Also of interest is the ability to predict what kind of reac-
tions will occur when an incident dislocation impinges on a GB.
In several instances, researchers have suggested equations that
help to determine the capability of a dislocation to transmit.
For example, Sangid et al. were able to show that, in agreement
with experiments [19, 27, 39], the energy barrier to transmis-
sion is higher for low-energy GBs and lower for high-energy
GBs [32]. In a separate study, Li et al. demonstrated that a crit-
ical penetration stress for a dislocation can be calculated as a
function of the grain boundary energy, the shear modulus, and
the RBV [30]. Although these models are effective in describ-
ing the roles that the respective attributes play in transmission,
these studies focus more on creating rules to describe the ob-
served interactions rather than creating rules to predict whether
such reactions should have occurred. With the range of current
results in the study of dislocation-GB interactions, some con-
flicting and some agreeing, it is apparent that this problem is far
from resolved. To complement these studies, the current work
is focused on studying a large population of dislocation-GB in-
teractions in order to determine which attributes are important
across the whole data set in affecting the interaction.
Much of the previous simulation work has focused on smaller
numbers of GBs with single dislocation-GB interactions. The
current work seeks to explore these behaviors in a larger study
of dislocation-GB interactions utilizing a subset of Olmsted’s
388 Ni bicrystals [17]. The manuscript first describes the meth-
ods to simulate and analyze dislocation-GB interactions in the
MD simulations of Ni bicrystals. In the results, a detailed anal-
ysis of a simulation is first demonstrated after which the large
number of GB-dislocation interactions are examined. This is
followed by a discussion of the results and their potential to
improve models that describe GB-dislocation interactions. The
work concludes with a machine learning model to predict trans-
mission of dislocations through a GB.
2. Method
In order to better resolve some of the attributes that may
influence a dislocation-GB interaction, individual interactions
in simplified systems are desired. To simulate such inter-
actions, Ni bicrystals with a flat and well-defined GB plane
are loaded using the open source molecular dynamics code
produced by Sandia National Laboratories, LAMMPS (Large
Scale Atomic/Molecular Massively Parallel Simulator) [40].
During the simulation, dislocations periodically emerge from
a notch and are driven towards the GB. The resulting analy-
sis of each interaction observed in the simulations enables the
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Figure 1: Diagram of a standard bicrystal configuration used in the MD simu-
lations. The two grains form a planar GB in the center of the bicrystal. Regions
of atoms 2-6 lattice parameters (7-18Å) on either side of the GB are shown in
light green and are used to calculate the different properties of the dislocation-
GB interaction. The average dimension for each bicrystal is 30x30x7nm with
a total of approximately 5x105 atoms. The bicrystal is pulled in tension along
the X direction by applying a tensile force to the rigid body of atoms on either
side of the bicrystal.
examination of both geometric (i.e., the TF, RBV, and misori-
entation in this study) and non-geometric (i.e., the RSS and the
static GB energy) attributes.
2.1. Bicrystals
A subset of 33 different bicrystals is chosen from the set of
388 minimized Ni bicrystals created by Olmsted et al. [17].
To create the 388 GBs, Olmsted et al. found all possible GBs
that have a periodic boundary interface within a cell size of
Lmax=15ao/2 where ao is the lattice parameter. This resulted in
72 unique misorientations from which the 388 GBs were con-
structed. The selected bicrystals from this set of GBs are all
symmetric tilt or symmetric twist GBs about the [100], [110],
or [111] disorientation axes and cover a range of disorienta-
tion angles and corresponding static GB energies; a complete
list of all 33 bicrystals is available in Supplemental Table S1.
To induce slip on a variety of slip systems, each bicrystal is
rotated 0°, 90°, 180°, and 270° around the GB plane normal
prior to the construction of the simulation cell. Because the
original bicrystals created by Olmsted et. al are of insufficient
size to study dislocation-GB interactions, they were enlarged
by adding atoms along the x-direction according to its peri-
odic length in the x-direction, and then similarly enlarged in
the y- and z-directions. The simulation cell is created with a
notch in one grain, by simply removing atoms, to act as a stress
concentrator, the geometry of which is illustrated in Figure 1.
Supplemental Figure S1 illustrates the construction process for
the simulation cells. The simulation cell geometry also has a
rounded edge in the opposite grain to discourage dislocation
activity in that grain. This geometry is somewhat similar to that
used by de Koning [35].
With 33 bicrystals each rotated to 4 different orientations
there are 132 unique simulation configurations. The average
dimensions of each cell are approximately 30x30x7nm, con-
taining approximately 5x105 atoms.
2.2. Molecular Dynamics Simulation
Once the bicrystal geometries shown in Figure 1 are created,
the structure is minimized using the conjugate gradient method
and then equilibrated for 175ps to a simulation temperature of
10K using an NVT ensemble where the number of atoms, the
volume, and the temperature are held constant. The Foiles-Hoyt
EAM potential [41] is implemented as it is the potential used
to create the Olmsted GB set [17]. Furthermore, this poten-
tial has been used to examine GB-dislocation interactions in a
few cases [16, 20, 32] and shows good agreement with exper-
imental values of intrinsic and unstable stacking fault energies
[42], the latter of which has been shown to be important in the
nucleation and mechanics of dislocations [43]. Non-periodic
boundaries are implemented in all three dimensions to elimi-
nate any potential bias against nucleation on slip systems with
long periodic dimensions.
After equilibration, a constant tensile force is applied on rigid
groups of atoms on either end of the bicrystal inducing a strain
state on the bicrystal withan average strain rate of 7x108s-1.
The high strain rate is common in MD simulations, which for
this type of study has been shown to give relatively equiva-
lent results for a strain rate in the range of 108 - 1010s-1 [32].
The tensile force is applied for up to 250ps, with the observed
dislocation-GB interactions typically occurring within the first
150ps. The centrosymmetry parameter, Voronoi volume, slip
direction, potential energy, and the Virial stress tensor (aver-
aged over the previous 0.3ps) are output every picosecond for
all atoms within five lattice parameters of the GB and for all
other atoms with a centroysmmetry value greater than 1.0 which
captures defects, such as dislocations, in the system. Since the
GB structure influences the stress on the atoms immediately
surrounding it and we desired to know the stress on the dis-
locations, only atoms 2-5 lattice parameters (or 7-18Å) away
from the GB plane are considered in the subsequent calcula-
tions; this region is indicated by the green regions of atoms in
Figure 1. Similarly, atoms within 2 lattice parameters of any
free surface are ignored in subsequent calculations to reduce
the influence of the free surface.
2.3. Analysis Techniques
Because of the potential uniqueness of each interaction, sub-
stantial effort is made to create a systematic and objective
method to analyze the interactions. We first define the meth-
ods used to identify the incident and emitted dislocations. This
is followed by a brief description of the various types of events
observed and identified at the GB. Finally, we detail the differ-
ent geometric and non-geometric attributes that are recorded for
each interaction.
2.3.1. Incident/Emitted Dislocations
While similar studies have focused primarily on full dislo-
cations only [19, 23, 26, 44], for the FCC nickel bicrystals we
observe slip along {111} planes in both 〈110〉 (full dislocation)
3
Figure 2: Example transmission event involving an impinging dislocation in
grain 1 with a slip direction of ~b1 and a line intersection with the GB of ~L1.
The emitted dislocation travels in grain 2 in the ~bi direction and has a line
intersection with the GB of ~Li. The angle between ~L1 and ~Li is θ.
and 〈211〉 (partial dislocation) directions. Therefore, each in-
teraction is identified as involving either a partial or a full dis-
location. This decision affects the analysis detailed below so
the analysis is run twice, once examining only the full disloca-
tion interactions and again examining both the partial and full
dislocation interactions. It is worth noting that in several cases
(25) we observe the recombination of leading and trailing par-
tial dislocations in the GB. When this recombination occurs be-
fore any dislocation emission at the GB, the incident dislocation
is classified as a full dislocation.
2.3.2. GB Events
Simulations and the resulting dislocation-GB interactions are
visualized using the OVITO (Open Visualization Tool) software
[45] and each timestep of the simulation and its dislocation-GB
interactions is observed. These interactions are classified as ei-
ther transmission, reflection, or absorption, depending on what
happens first. Transmission occurs when a dislocation emits
from the GB and propagates at least 7Å into the body of the
second grain without getting reabsorbed back into the GB after
nucleating at or near the point of impact from the dislocation
in grain 1. Reflection of a dislocation is defined in a similar
way to transmission except that following absorption of an in-
cident dislocation, the GB emits a dislocation back into grain
1. Finally, a dislocation is classified as having been absorbed
when the incident dislocation is absorbed and neither transmis-
sion nor reflection are subsequently observed. All subsequent
activity, such as additional transmission events, following each
interaction is not tracked because of the difficulty in correlat-
ing it with any incident behavior. Furthermore, it should be
noted here that what occurs in the GB following any event
is not tracked due to the complex nature of and the difficulty
in characterizing changes in the GB structure, despite the fact
that significant activity can occur. For example, in simple GB
structures like the twin boundary, one can observe glide of a
dislocation in the GB following absorption [46]. The GBs in
the present work, while highly symmetric, are sufficiently com-
plex in their atomic structure that tracking dislocation activity
through the GB is not pursued.
2.3.3. Geometric Attributes
As previously discussed, the most common geometric crite-
ria that have been used to describe the dislocation-GB interac-
tion include the alignment of impinging and potentially emitted
slip planes and slip directions as well as the disorientation be-
tween the two grains. The geometric attributes considered in
this study include the residual Burgers vector (RBV), the trans-
missivity factor (TF), and disorientation angle. The calculation
of the RBV and the TF are briefly discussed here. Figure 2 il-
lustrates two slip planes, their respective Burgers vectors, and
their line of intersection, which are used to calculate the RBV
and the TF for transmission of a dislocation from grain 1 to 2.
Upon transmission through a GB, the total Burgers vector of
a dislocation is conserved, with a fragment of it typically being
trapped in the GB [20]. This fragment is known as the RBV.
According to Shen et al. and others [20, 23–25, 30, 35], the
dislocation most likely to transmit is the one which minimizes
the magnitude of the RBV. The RBV, reported in this study in
units of the lattice parameter a, is calculated according to
~bresidual = ~b1 − ~bi (2)
for the Burgers vectors of the impinging dislocation, ~b1 and
potential emitted dislocation, ~bi, defined in the same reference
frame. For each interaction, the RBV is used to predict the slip
direction of the outgoing dislocation.
To predict the full slip system, i.e., slip plane and slip direc-
tion, the TF is used. Calculation of a TF for each interaction is
defined as
T F = (~L1· ~Li) ∗ (~b1·~bi) (3)
where ~L1 and ~Li are the line intersections between the GB and
the impinging or outgoing slip plane, respectively, ~b1 and ~bi
are the slip directions, and TF is the transmissivity factor [19].
Each potential slip system is considered and the emitted slip
system that maximizes the value of the TF, ranging from 0 to
1, is the most geometrically aligned with the impinging dislo-
cation. Given a set of potential slip systems, the one with the
highest TF is the predicted dislocation slip system to transmit if
transmission occurs [19] and can be seen graphically in Figure
2.
The final geometric attribute considered is the disorientation
between the two grains. Bachurin et al. and others found that
the propensity to transmit dislocations is dependent on the dis-
orientation angle between the two grains, [30, 35, 37, 44, 47–
50]. In their study, Li et al. found that this could partially be ex-
plained by the fact that the grain boundary energy is a function
of the misorientation angle, thus affecting the stress required to
push a dislocation through the GB, with increasing misorien-
tation requiring higher stresses [30]. To test this dependence,
GBs with a wide range of disorientation angles are selected for
this study.
2.3.4. Non-geometric Attributes
Since several publications have shown the static GB energy
to correlate with dislocation-GB interactions [20, 32] it is ex-
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Figure 3: a.) The RSS on each individual atom that is slipping within the GB region and within 15Å of the dislocation normal. The light blue crosses indicate the
5% of atoms that have the highest RSS. b.) Average RSS, as calculated using the top 5% of atoms, on a particular dislocation as a function of time. As can be seen,
the associated error with the RSS is significant after the dislocation impacts the GB.
amined here as well. The static GB energy is available for each
of the GBs as obtained by Olmsted et al. [17].
In addition to the GB energy, we also examine the stresses as-
sociated with the dislocation-GB interactions. Specifically, we
calculate the resolved shear stress (RSS) on the incident dislo-
cation. From this measured stress we can define an event stress
associated with the interaction. The event stress is measured as
the maximum RSS that 1) is between the time the dislocation
impacts the GB and the time the event occurs and 2) occurs
within 1-10ps before the event. By imposing these two rules,
we are able to maintain a consistent and objective way to deter-
mine the event stress. The rationale for picking the maximum
stress before the event occurs is because it is believed that the
dislocation would be less likely to transmit, reflect, or be ab-
sorbed at a lower stress. Therefore, the maximum stress pro-
vides an estimate for a potential critically resolved shear stress
on a given dislocation required to cause transmission, absorp-
tion, or reflection.
Care is taken to calculate the event stress in a manner that
minimizes the uncertainty of averaging stress in MD calcula-
tions. To demonstrate the uncertainty, Figure 3a shows the
stress on individual atoms that are within 15Å normal to the
slip plane on which a dislocation is traveling. As can be seen,
there is a large range of stresses seen in the region of the dis-
location, with a bifurcation of the stress visibly present, which
occurs near the dislocation core. The two peaks in Figure 3a,
positive and negative, show the stress on the dislocation in the
region of atoms being measured. The positive stress is used be-
cause it represents the atoms that are slipping. Therefore, in
order for the bifurcation to not report an average stress around
zero, we average the stress of the atoms with the top 5% RSS
values. This average simultaneously reduces the noise present
in the analysis and is less sensitive to the stress of nearby dislo-
cations. Even with this filtering process, significant uncertainty
Table 1: Table of all possible TFs and RBVs (in units of lattice parameter, a) for
the first interaction shown in Figure 4, sorted according to the TF. The transmit-
ted slip system is shown in bold font and has the highest TF and lowest RBV
for any of the potential full dislocations. For a complete table of all considered
full and partial slip systems, see Table S2 in the supplemental material.
Potential
Slip System
Transmissivity
Factor, TF Transmitted RBV (a) Reflected RBV (a)
[11¯2](1¯11) 0.654 0.216 0.408
[12¯1](111) 0.632 0.105 0.333
[11¯0](111) 0.596 0.374 0.707
[011¯](1¯11) 0.579 1.052 1.080
... ... ... ...
[211¯](11¯1) 0.006 0.558 0.782
[112](1¯1¯1) 0.004 0.479 0.624
[110](11¯1) 0.003 0.827 1.080
[011](1¯1¯1) 0.003 0.879 0.913
is still present, as indicated by the plot in Figure 3b where the
averaged RSS and its standard deviation of the top 5% of stress
values are plotted as a function of time. This level of uncer-
tainty proves to be a challenge in our efforts to extract correla-
tions of interactions with the event stress. In spite of this, we
do find that there may be trends for individual slip systems.
3. Results
The results are divided into three sections. The first section
analyzes two dislocation-GB interactions of a single simulation
in detail in order to illustrate the significance and meaning of all
the attributes measured during the large number of simulations.
Following this, statistics relating to the dislocation-GB interac-
tions are examined. The final section focuses just on transmis-
sion events and the attributes involved in transmission.
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Figure 4: Snapshots of the simulation of the [100] Tilt Σ25a bicrystal. Two dislocations of the same slip plane but different slip directions impact the GB at different
locations and at different times. The first dislocation, indicated by a dark blue label, transmits and the second dislocation, indicated by a light orange label, reflects.
Here the RSS associated with each event for the discussed dislocations are shown beneath the snapshots and are labelled accordingly.
3.1. Case Study of Tilt GB
To illustrate what individual interactions look like, we exam-
ine the 16.26° [100] Tilt (Σ25a CSL with (0 1¯ 7)/(0 1¯ 7¯) bound-
ary plane normals) bicrystal simulation in detail. This simu-
lation exhibits multiple interactions of the same slip plane and
contains two of the three types of events analyzed in this study:
transmission and reflection.
Figure 4 shows snapshots of the simulation at selected times
to show the different events associated with the dislocation-GB
interactions. Atoms with a centrosymmetry parameter less than
1.0 are not shown for clarity. Figure 4 also labels the slip sys-
tems of each dislocation and plots the RSS (as calculated fol-
lowing the procedure outlined in 2.3.4) for each interaction as a
function of time.
In the first interaction at 112ps, indicated by a dark blue label
in Figure 4, the activated dislocation is on the [121¯](11¯1¯) slip
system. Here, the first dislocation is followed by an identical
partial dislocation (therefore, it is treated as a partial rather than
two partials that make a full dislocation) which impacts the GB
about 1ps after the first impact.
The RSS increases as the second partial dislocation ap-
proaches and impacts the grain boundary. Between impact and
transmission, which occur at 115ps and 126ps respectively, the
RSS on the incident slip system reaches a magnitude of approx-
imately 3GPa just before it transmits through the GB onto the
[11¯0](111) slip system in grain 2. This stress of 3GPa is inter-
preted as the event stress for this dislocation-GB interaction as
it is the maximum RSS on the dislocation after impact with the
GB and within the 10ps before the transmission event.
The TF and the magnitude of the RBV for the 12 potential
full and 12 potential partial emitted slip systems are calculated
and compared with the actual slip system of the transmitted dis-
location. For brevity, Table 1 only lists the values for the slip
systems with the 4 highest and 4 lowest TF values; the com-
plete list for all full and partial slip systems is available in Sup-
plemental Table S2. The slip system on which transmission
actually occurred is listed in bold in Table 1. It can be seen
that according to the TF and transmitted RBV, there are two
more-geometrically favorable partial slip systems that were not
activated. However, the transmitted dislocation does have the
highest TF and lowest RBV of the available full slip systems.
During the time of the first interaction, a second dislocation,
indicated by a light orange label in Figure 4, is seen to impact
the GB approximately 70Å away from the first dislocation and
closer to the middle of the bicrystal. This second dislocation
impacts the GB at 121ps and involves an incident dislocation
of the [110](11¯1¯) slip system. For this second interaction, the
stress in the region continues to rise to ∼3.7GPa immediately
before the dislocation is reflected back onto the [1¯01](111) slip
system in grain 1. Curiously, although it has the same slip plane
as the first dislocation, a potential transmission slip system with
a higher maximum potential TF of 0.627, a smaller potential
RBV of 0.2, and a higher RSS than the first interaction dis-
cussed above, this dislocation interaction causes a dislocation
to reflect back into grain 1.
The case study is useful in illustrating the complex nature of
these interactions. In contrast to some previous works, we aim
to analyze numerous dislocation-GB interactions across a num-
ber of different GBs. This enables an informed statistical study
to be performed with the trade off of having less control of the
interactions present in the simulations and higher uncertainty in
measuring attributes like the RSS.
3.2. Entirety of Interactions
In all 132 simulations, 189 meaningful dislocation-GB inter-
actions were observed for 31 of the 33 different GB structures
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(a) (b)
Figure 5: a.) Classification of the type of incident dislocations and corresponding dislocation-GB event. As can be seen, the most common event is transmission,
followed by absorption with reflection being the least common. b.) Classification of the type of transmitted dislocations and the corresponding type of incident
dislocation that transmitted. It is obvious that the vast majority of transmitted dislocations slip along the 〈110〉 direction and are a result of full dislocations impinging
on the GB.
Figure 6: Histograms showing the distribution of the Event Stress, Minimum RBV, Maximum Transmissivity Factor, Static GB Energy, and Disorientation Angle
separated for each different event type: Transmission, Absorption, and Reflection. The Minimum RBV and Maximum Transmissivity Factor were calculated
considering both full and partial dislocations as potential emitted dislocations.
tested. The number of dislocation interactions with each unique
GB ranges from 2 to 13 with an average of 6 interactions, but
since each GB has 4 simulations for different orientations of
the notch, the average per simulation is 1.5 interactions. These
interactions are classified as either transmission, reflection, or
absorption, depending on which happens first and are subse-
quently analyzed in the same way presented in the case study.
Overall, 86 transmission events, 63 absorption events, and
40 reflection events are observed. These interactions are further
sorted, as shown in both Figures 5a and 5b, into the type of in-
cident dislocation for a given interaction based on its respective
slip direction: 〈110〉 (full) or 〈211〉 (partial).
As is shown in Figure 5a, the most common event is trans-
mission with absorption a close second. While reflection events
are the least common, the large number of events was surpris-
ing, not least of all because of the large RBV required for reflec-
tion. Examples of the large RBV vectors can be seen in Table
1. When examined by incident dislocation type, it can be seen
that 53.5% of partial dislocations transmitted and 43.2% of full
dislocations transmitted. The majority of incident and transmit-
ted dislocations were full dislocations, accounting for 77.2% of
all 189 incident dislocations and 81.4% of all 86 transmitted
7
(a) (b)
Figure 7: Event stress vs disorientation for activated slip systems for a.) bicrystals with [110] Tilt GBs and b.) biscrystals with [111] Twist GBs. There seems to be
some degree of dependence of the event stress on the slip system, as evidenced by the event stress having a positive correlation with the disorientation angle for slip
systems 11, 7, and 22 but a negative correlation for slip systems 16 and 19. A more controlled study with more data is required to elucidate such relationships with
confidence.
dislocations.
As discussed in section 2.3, the event stress, minimum RBV,
and maximum TF are calculated for each dislocation-GB in-
teraction; both full and partial dislocations are considered in
determining the minimum RBV and maximum TF. Histograms
of these values, along with the properties of the GBs involved
in the interactions, i.e., GB energy and disorientation angle, are
given in Figure 6. The values are divided between the types
of events to gauge whether any correlations exist. From these
plots, it is easy to see that, while there are significant popula-
tions present for each attribute considered, there is too much
overlap between the respective values to discriminate between
the interaction types based on any single attribute. In other
words, even with the large number of events, none of these at-
tributes can be used alone to predict the type of event that will
occur.
Since the original motivation of the study was to determine
whether a critical GB obstacle stress was associated with trans-
mission events, this aspect is analyzed in more detail. Due to
the noise present in the measurements of RSS as a result of the
unavoidable interference from nearby dislocations, correlations
are difficult to glean. However, potential correlations between
the event stress and the event are found when comparing the
event stress for activated slip systems as a function of disori-
entation angle. In Figure 7a it can be seen that there is scatter
among the data even for events on the same slip system. How-
ever, for three slip systems in [110] tilt GBs and two slip sys-
tems in [111] twist GBs, in Figures 7a and 7b respectively, we
are able to show the existence of some trend with disorientation
angle. With the little data we have at present, we are unable
to draw definitive conclusions. It is possible that alternate ap-
proaches, such as that performed by Wyman et al. to investigate
dislocation nucleation from GBs [16], could elucidate new cri-
teria related to transmission.
3.3. Transmission
A significant focus of this research is on the attributes in-
volved in the transmission of dislocations. As such, the remain-
der of this section emphasizes results found relating to trans-
mission vs no transmission (i.e., absorption and reflection). The
first matter addressed is the dependence of the frequency of
transmission on different attributes. This is followed by the
ability of the TF and the RBV to predict a transmitted dislo-
cation’s slip system.
3.3.1. Frequency of Transmission
In Figure 8, the frequency of transmission for each GB is
plotted against the attributes considered in an effort to eluci-
date relationships that might correlate with transmission. Tilt
and twist GBs have been shown to affect the dislocation-GB
interaction differently [20, 51], therefore the relationships are
plotted for the two types in separate graphs. The size of each of
the markers is proportional to the number of interactions used to
calculate the frequency of transmission for that GB. Since there
are multiple interactions for each point, we simply plot the av-
erage value of each, e.g. average event stress from each of the
interactions of dislocations with that GB and average value of
all the miminum RBV from each of the interactions, etc. While
there do not appear to be any strong trends, there are subtle
trends that would suggest disorientation angle, static GB en-
ergy, and the GB type (i.e., tilt vs twist) may be distinguishing
attributes in transmission of dislocations through GBs. First,
for GBs with twist or tilt about the [100] axis, the frequency of
transmission appears to be negatively correlated with the dis-
orientation angle, though there are GBs with high transmission
frequency at high disorientation angles. Second, for twist GBs,
the existence of a GB energy barrier to transmission seems to
affect the ability of dislocations to transmit. Transmission fre-
quency is typically high for GBs with a static energy less than
950 mJ/m2 at which point there is a steep drop in transmission
frequency such that no transmission occurs for twist GBs with
energy above 950mJ/m2. No such barrier is readily visible for
the tilt GBs. To determine whether or not this is due to the
GB energy or the different type of GB would require further re-
search. Third, there is a surprising lack of correlation between
the TF and the frequency of transmission. It was expected that
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Figure 8: Frequency of transmission as a function of mean event stress, mean minimum RBV, mean max TF, static GB energy, and disorientation. The size of each
point correlates to the number of data points used to calculate the frequency of transmission for the corresponding x value. There seems to be a negative correlation
between disorientation and transmission frequency. Next, for twist GBs, there appears to be an energy barrier around 950 mJ/m2, above which transmission no
longer occurs. No obvious correlations exist between the event stress or mean max TF and transmission frequency. As expected, transmission seems to favor smaller
magnitudes of RBV, especially for twist GBs.
as the alignment of incident and transmitted slip systems in-
creases, corresponding to a larger TF, the propensity to transmit
would increase. There appears to be no such trend for twist or
tilt GBs. Similarly, it was anticipated that transmission would
occur more readily with a smaller available RBV, which in this
case may be true. Finally, no apparent relationship between the
event stress and transmission frequency is easily discernible for
either twist or tilt GBs. Reasons for this lack of correlation are
explored later.
3.3.2. Predicted Slip System
Although one cannot definitively predict the likelihood of
transmission using the TF and RBV, these two attributes prove
to be very effective at predicting the slip system of the transmit-
ted dislocation. This is in accordance with earlier mentioned
studies involving smaller numbers of dislocation-GB interac-
tions [19, 20, 23–25, 30, 35, 39, 52].
In the cases of transmission observed in this work, 70 full
dislocations and 16 partial dislocations were observed. If the
slip system predicted to emit is the one with the the maximum
TF, then the correctness depends on whether full and partial
dislocations are included in the list of potential outcomes. Pre-
dicting the slip system of all 86 full and partial dislocations
using a potential list of 24 full and partial dislocation slip sys-
tems results in an accuracy of 55.8% (48/86). However, if all
86 are predicted using only a potential list of 12 full dislocation
slip systems the accuracy increases to 67.4% (58/86). Finally,
if only the 70 full dislocations are considered and the potential
list only includes 12 full dislocations, the accuracy is 82.9%
(58/70).
We learn some important lessons from these different lev-
els of accuracy. Trying to predict the emitted slip system of
a transmitted dislocation is not great when one attempts to in-
clude both full and partial dislocations. The partial dislocations
provide so many additional options which are not likely to be
selected, some of which may even have a higher TF than the
full dislocations. Therefore, their inclusion initially leads to low
accuracy predictions (see Table 1). If we predict only full slip
systems but compare the prediction against the emitted full and
partial dislocation slip systems, we can never get to 100% ac-
curacy. This is a result of attempting to predict full dislocations
for some interactions where the dislocation transmitted onto a
partial slip system. Since full dislocations dominate the simu-
lations, it makes sense to predict only full slip systems for sim-
ulations that actually transmit full dislocations. In these cases,
the accuracy is noteworthy.
In many cases, the TF of the slip system which actually trans-
mits is the second or third highest predicted slip system accord-
ing to TF. However, in many cases, the top three or so TFs are
similar in magnitude, with the main difference typically being
a result of a different slip direction rather than a different slip
plane; this can be seen in Table 1 where the top four dislo-
cations according to TF have only two unique slip planes and
have a range of 0.075. To illustrate how the ability to correctly
select the slip system improves as more slip systems are con-
sidered acceptable, we plot the frequency of correct predictions
in Figure 9a. Intuitively, the predictive capability of the TF
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would increase as the stipulation that the predicted transmitted
slip system maximize the TF is relaxed to include the top two
(or more) slip systems with the largest values of TF. This trend
is shown by the solid lines in Figure 9a. Here there are two solid
lines, blue for predictions of full dislocations only, and red for
predictions of full and partial dislocations. It should be noted
that because of the 16 dislocations that emit on partial slip sys-
tems, the full slip system predictions can never get higher than
81.4%. Interestingly, the prediction capability using the 24 full
and partial slip systems increases rapidly as more slip systems
are considered, reaching a frequency of 80.2% when the pre-
diction is considered correct if the actual TF is one of the top
three values of TF possible; this is likely a sign that the full dis-
locations that actually transmit are simply near the partial slip
systems that are predicted as in Table 1, so once we consider up
to top three possible slip systems, it is likely to encompass the
full slip system on which the dislocation transmitted.
Although the TF is reasonably accurate in predicting the cor-
rect slip system in the event of a transmitted dislocation, its
accuracy is higher if we are only concerned with predicting the
slip plane on which the dislocation transmits. By ignoring the
slip direction and assigning the maximum TF for each unique
slip plane to all slip directions on the same slip plane, the ac-
curacy increases to 73.3% (63/86) if only full slip systems are
considered and 74.4% (64/86) if both full and partial slip sys-
tems are considered. This is demonstrated by the dotted lines in
9a. Since there are only four unique slip planes for FCC mate-
rial, these lines reach their maximum once the four slip planes
are considered.
Since the accuracy of prediction goes up as additional slip
systems that may be near the “optimal” slip system are con-
sidered, a separate analysis is done to determine how close in
magnitude the TF of the actual transmitted dislocation is to the
maximum TF available for each given interaction. It is found
that in 62 of the 86 cases of transmission, and when consider-
ing only full dislocations, the actual transmitted dislocation has
a TF with a magnitude within 20% of the value of the maxi-
mum possible TF. However, this frequency increases to 70/86
occurrences if both full and partial dislocations are considered.
This kind of information may be relevent in continuum models
[15] that rely on the calculation of the obstacle stress according
to equation (1); by knowing that the correct TF is often within
20% of the maximum possible TF, a range for TF could be used
in the calculation of the obstacle stress for a given GB.
While the slip plane can be predicted using the TF, the slip di-
rection is similarly predicted by minimizing the RBV. A smaller
RBV means that the disorder left behind in the GB is reduced
for a transmission event and therefore the energy can be min-
imized as well. A similar analysis to the TF just discussed is
repeated for the minimum predicted RBV of potential slip sys-
tems.
As expected, the solid light blue line in Figure 9b shows that
when only full dislocations are considered, the RBV effectively
predicts the transmitted slip direction in 72.1% (62/86) of the
cases of transmission. When more partial slip directions are
also included, the accuracy decreases to 64.0% (55/86), shown
by the solid dark red line in Figure 9b. Once again, predictions
using only full dislocation slip directions can only ever achieve
an accuracy 81.4% due to the fact that some events transmitted
onto partial slip systems. Similar to TF, the ability of the RBV
to predict the transmitted slip direction improves as other slip
directions close to the minimum are considered.
4. Discussion
The discussion of the results is organized into 3 sections.
First, we examine criteria to predict the slip systems of trans-
mitted dislocations. Second, we analyze attributes and their
correlations with likelihood of observing a transmission event.
Third, we employ machine learning to find correlations asso-
ciated with different types of dislocation-GB interactions and
their ability to predict the resulting event.
4.1. Prediction of Transmission Slip Systems
The survey of dislocation-GB interactions confirms the
trends related to transmission slip systems that others have seen
in regards to the geometric attributes TF and RBV. First, Shen
et al. found that the transmitted slip system could be correctly
predicted in three of five experimental cases of transmission us-
ing just the TF [19]. Consistent with these experimental results,
this study also shows that the TF presents an effective way to
predict the slip system of a transmitted dislocation, and is even
more effective in predicting just the slip plane (Figure 9a). Fur-
thermore, this study, performed on many more dislocation-GB
interactions, also suggests that predictions using the maximum
TF will never achieve an accuracy of 100% because transmis-
sion on other slip systems with good alignment are consistently
observed. Second, this study confirms the research done by
others which shows that minimizing the RBV allows one to
predict the correct slip direction for transmitted dislocations in
most cases, though again, not at an accuracy of 100% [20, 23–
25, 30, 35, 39, 52].
The importance of geometric criteria used to predict the slip
systems involved in both experimental work and simulations
is emphasized by the accuracy of the TF and the RBV. How-
ever, Table 1 and Figure 9 show that such geometric criteria are
more capable when only considering full dislocations since the
predictive capabilities of TF and RBV initially decrease when
partial slip systems are also considered. This observation may
have little effect if using RBV and TF to predict the slip system
in metals with a high stacking fault energy, such as aluminum,
where partial dislocations are rarely observed [53]. In such ma-
terials, it would be easily justifiable to exclude any partial dis-
locations from predictions made for the transmitted slip system.
By shifting the analysis to only consider the 55 full dislocations
that transmitted onto full slip systems (see the far left bar in
Figure 5b), the frequency of the maximum TF predicting the
correct slip plane improves to 89.1% (49/55) and the frequency
of the minimum RBV predicting the correct slip direction sim-
ilarly improves to 92.7% (51/55).
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Figure 9: Ability of the a.) TF and b.) RBV to correctly predict the transmitted slip system/plane and slip direction respectively. The frequency is displayed as
a function of how many slip systems/planes that produce the highest TF-values or slip directions that produce the lowest RBVs are considered for the prediction
to be considered as correct. The frequency increases as additional slip systems/planes and slip directions are considered correct. The dotted black line indicates
the maximum frequency capable of being achieved when only full dislocations are considered in the calculations, which is less than 100% because 16 of the 86
transmitted slip systems were partials.
4.2. Predicting Transmission Events
Determining the attributes that influence a dislocation’s abil-
ity to transmit through a GB is required for robust mesoscale
modeling. As such, this section first describes the different
trends observed that are associated with being able to predict
transmission and then discusses potential complications in find-
ing expected trends regarding the RSS.
First, as discussed in the Results, it is found that the fre-
quency of transmission is higher for dislocations that interact
with a GB that has a low static GB energy and a low disorienta-
tion angle (Figure 8). It is possible that GB energy is the cause
while disorientation angle is correlated with GB energy. For
example, for both twist and tilt GBs, there exists a GB which
has high frequency of transmission despite it having the highest
disorientation angle of the simulated twist or tilt GBs. How-
ever, these two high disorientation and high transmission fre-
quency GBs also have a relatively low GB energy. Additional
data would be needed to confirm this assertion.
This result initially seems in conflict with the work done by
Sangid et al. that found the energy barrier to transmission is
negatively correlated to the GB energy [32]. He proposes that
a more ordered and stable GB with lower interfacial energy
provides a stronger barrier to slip transmission and nucleation.
However, this study does not attempt to measure the energy
barrier to transmission, but rather the frequency of transmis-
sion correlated with the GB energy. Although a low energy GB
may have a higher energy barrier, this could be interpreted as
requiring a higher stress for transmission and not necessarily
mean the GB is more or less likely to allow things through. It
is worth noting that in Sangid’s work, the highest energy bar-
rier for transmission was about 4 times higher than the lowest
barrier, but that the highest GB energy was more than 10 times
higher than the lowest GB energy. Thus, the trend is not linear
and a small change in GB energy would require an even smaller
increase or decrease in barrier energy. To compare with this
possible scenario, Figure 10a plots the event stress as a func-
tion of the static GB energy for the different event types. As
can be seen, no trend is immediately obvious. Thus, at this
point, it is not clear why low energy GBs would simultaneously
exhibit a high energy barrier to transmission (as demonstrated
by Sangid) while allowing more dislocations to transmit.
Second, the influence of the GB type (twist vs tilt) and the
disorientation angle on a particular GB structure may also pro-
vide an explanation for why some dislocations transmit and oth-
ers do not. Twist GBs reflected dislocations more often than tilt
GBs (25% vs 19%) and transmitted less than tilt GBs (42%
vs 47%). This difference could be due to the orthogonal net-
work of dislocations found within the twist GBs which are more
dense and could offer a more significant physical barrier to
transmission than the linear array of dislocations present in tilt
GBs [51, 54]. Furthermore, the propensity to reflect increases
slightly as the disorientation angle between the two grains in-
creases. Based on the previous observations, this correlation
would be expected as the density of the dislocation network
increases with increasing disorientation for the GBs studied
here. Li et al. also suggested that the difficulty for a dislo-
cation to transmit is directly related to the misorientation angle
[30], agreeing with the results seen in this study (c.f. Figure
8). Chandra et al. also found that twist GBs offered significant
resistance to transgranular crack growth, confirming the under-
standing that twist GBs are more resistant to such crack growth
as compared to tilt GBs [51].
Third, as demonstrated by Dewald et al. and Bachurin et
al., the actual location of the interaction between the disloca-
tion and the GB affects the ability of the dislocation to transmit
[33, 37]. This suggests that the dislocation network within a GB
results in regions of the GB that could present stronger physi-
cal barriers than others. This difference can lead to different
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Figure 10: The event stress for each dislocation-GB interaction as a function of a.) the static GB energy and b.) the TF. In b.) the dotted black line indicates the
theoretical obstacle stress assuming a macroscopic yield stresngth of 500 MPa. As can be seen, nearly every dislocation-GB interaction experienced an event stress
that far exceeded the theoretical obstacle stress.
outcomes for seemingly identical interactions. For example, in
a simulation of the 22.62° [100] twist GB two dislocations of
the same [111¯](101) slip system impact the GB approximately
80Å apart, yet one readily transmits and the other eventually
reflects off the GB. To more fully understand to what extent the
location of impact and the associated atomic structure of the GB
influence the interaction, a more detailed analysis would be re-
quired. Morvec et al. have shown that common geometric crite-
ria, especially the alignment between slip planes in neighboring
grains, used for the prediction of the results of dislocation-GB
interactions does not always hold as the resulting event also de-
pends on how the atoms rearrange at the event site [38]. While
we do not dispute this fact and this may account for some of
the erroneous predictions, the fact that the geometric attributes
hold as well as they do, in spite of the many different atomic
arrangements in all the simulations, is noteworthy.
At the outset of this work, it was hypothesized that transmis-
sion events would be correlated with the stress present on the
dislocation, which would be reasonable considering Sangid’s
observations [20, 32]. However, such trends remained elusive
as indicated by Figure 10a. In his mesoscale model, Wagoner
also proposed a similar prediction of transmission stress, given
in equation 1, but based his on the alignment of slip systems for
a potential transmission event. To demonstrate this, the event
stress for each interaction is plotted as a function of the maxi-
mum TF available for the interaction in Figure 10b. Equation 1
is plotted as a dotted line (for a yield strength of 500 MPa), and
according to Wagoner’s model, stresses in excess of this value
would be sufficient to cause transmission. It is clear that trans-
mission stresses cannot be predicted so easily as nearly every
point, regardless of the event that occurs at the GB, exceeds the
theoretical obstacle stress for the given TF. Furthermore, there
is no general trend of event stress with TF or static GB energy.
It is possible that the nature of these simulations complicates
the ability to see trends in the recorded stresses. For exam-
ple, the short simulation times, and corresponding high strain
rates, required for molecular dynamics simulations means that
driven systems can behave differently than thermally activated
systems. If not driven at high stresses, thermal fluctuations over
a long time period may only be able to access a preferred event.
But driven systems at high stresses may have thermal fluctu-
ations that can access not only a preferred event, but a num-
ber of newly accessible events as well. For example, a recent
study has shown that a different deformation mechanism can
occur in simulations at a slower strain rate of 106s-1: slip on
lower Schmid factor slip systems [55]. Thus, if it were possi-
ble, lower strain rate simulations might observe different sets of
events at different stresses, which might then exhibit a correla-
tion in stresses not observed in the present work.
Finally, the process of transmission is likely not determinis-
tic and more attention should be given to models that account
for this fact. Modeling the process in a stochastic manner may
allow a more accurate representation of activated slip systems
observed here by allowing the occasional poorly aligned slip
system to be activated upon transmission. Others have already
applied this concept in other aspects of deformation in a quan-
tized crystal plasticity finite element model [56] or in the mod-
eling of twin nucleation and/or transmission in HCP metals us-
ing a viscoplastic self-consistent model [57–59].
4.3. Machine Learning Dislocation-GB Interactions
One of the major shortcomings of the criteria used to pre-
dict the slip system of a transmitted dislocation, which is made
more apparent in this study, is their current inability to predict
if a dislocation will transmit or not. For example, based on the
previously discussed criteria, it is not entirely clear as to why
a dislocation would prefer to reflect over transmitting if the ge-
ometrical criteria almost always favors transmission. Further-
more, as seen in Figure 6, each criterion, when individually
considered, reveal little about the interaction event. However,
machine learning processes provide promising potential for the
extraction of correlations between multiple attributes that aren’t
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readily seen. Therefore, two different analyses are performed
using the WEKA machine learning software [60]. First, a deci-
sion tree is used to create a predictive model for transmission.
Second, the determination of which attributes play the most sig-
nificant role in determining whether or not a dislocation trans-
mits is made by finding the gain ratio for each considered at-
tribute.
Three separate analyses were performed on the data set to
predict transmission, absorption, and reflection. It was found
that the analyses to predict transmission and absorption reveal
similar trends whereas the analysis to predict reflection was un-
successful due to only a marginal increase in predictive capa-
bilities given the attributes considered in this study.
4.3.1. Decision Tree Prediction of Transmission Events
For this study, we employ the J48 method within the At-
tributeSelectedClassifier in WEKA which produces a simple-
to-understand decision tree in order to predict a certain out-
come (in this case transmission) given certain input attributes
by evaluating at each branch the most important attribute of the
remaining data. The J48 process is explained in more detail
in [61] and [62]. The attributes used in the creation of the deci-
sion tree included numeric values for disorientation angle, static
GB energy, maximum TF, minimum RBV, and the event stress.
Attributes with nominal values for the GB type, i.e., twist vs.
tilt, and for the incident dislocation type, i.e., full vs. partial,
were also included. The minimum leaf size in the tree is set to
10 (meaning that each split will contain at least 10 instances),
which ensures that the tree is not over constrained. In order
to avoid obtaining an artificially high accuracy due to an un-
even distribution of the event being predicted, class balancing
is used. The GainRatioAttributeEvaluator method in WEKA is
used to produce a tree based on the most relevant attributes for
this study. The standard 10-fold cross validation technique is
used (meaning the data is split into 10 parts, i.e., folds, then
trained on 9 parts and tested on the remaining part, repeating
so that each part is tested once). This produces a decision tree
whose accuracy is the average of the 10 different tests. To fur-
ther reduce the potential for a particular split to produce incor-
rectly high or low prediction accuracies, the cross-validation
technique was repeated 10 times, each time using a new seed
to randomly split the data differently. Using this technique, i.e.,
using 10-fold cross validation 10 times and averaging their ac-
curacies, we produce the J48 decision tree shown in Figure 11,
which has an average accuracy of 75.5% with a standard devia-
tion of 1.65%. By comparing this result to the baseline accuracy
(i.e., making the prediction based solely on the most popular
outcome) of 47.7% we find that the J48 decision tree improves
the prediction of transmission vs. non-transmission by nearly
30%. Other techniques, such as Random Forrest, could be used
to improve the accuracy, but such black box methods do lit-
tle to give insight into what attributes are affecting its decision
process. Intuitively, the level of importance of each attribute
included in the tree decreases as one travels down the decision
tree.
Several observations of the tree should be noted. First, of
the seven attributes included in the creation of the tree, only
Table 2: Gain Ratio for each of the considered attributes for predicting trans-
mission. Not surprisingly, minimum RBV and disorientation angle provide the
most information.
Attribute TransmissionGain Ratio
Disorientation Angle 0.1675
Minimum RBV 0.1482
Static GB Energy 0.1314
Max Transmissivity Factor 0.0756
Partial vs. Full 0.0070
Twist vs. Tilt GB 0.0018
Event Stress 0.0000
three of them appear in the resulting tree. In order of impor-
tance, these attributes are disorientation angle, static GB energy,
and minimum RBV. The significance of the disorientation an-
gle is emphasized by its appearing in the tree multiple times.
Second, the tree is relatively clean with only six leaves and
four branches needed to predict transmission. Further measures
could be made to reduce the size of the tree and simplify the re-
sults at the sacrifice of accuracy. Alternatively, accuracy could
be improved by allowing a smaller leaf size, but this might over
constrain the tree making the result too specific to certain results
in the dataset instead of a result that is general to the majority
of the data.
Biases enter the model as a result of the uneven distribution
of attributes tested, as seen in Figure 8 where, for example, cer-
tain GB energies or disorientation angles have more data points
available. Despite this bias, a number of insights are gained
from the J48 analysis in determining which of the investigated
attributes most prominently affect transmission. First, the de-
cision tree visually reinforces the earlier observation that, in
general, GBs with a lower disorientation angle allow for trans-
mission to occur more frequently. This is consistent with the
findings by others [24, 34, 44, 49] and further supports the dis-
crimination between high angle and low angle grain boundaries,
which is commonly believed to occur at a disorientation angle
of 15°[63]. In fact, as seen by the first branch of the decision
tree, for GBs with a disorientation angle of less than 18°, none
of the other attributes have an affect on transmission. It should
be noted that there are only 9 GBs with a disorientation an-
gle less than 18°. However, for some GBs that have higher
disorientation angles, above 18°, a lower static GB energy is
preferable for transmission. Second, as expected, transmission
is predicted to occur more frequently when the minimum avail-
able RBV is smaller. Finally, for dislocations that interact with
a GB that has high energy and a disorientation angle above 26°,
transmission is never predicted.
4.3.2. Attribute Evaluation of Transmission Events
WEKA is also capable of determining the relative importance
in predicting the defined class for each included attribute by
using the Gain Ratio Attribute Evaluator. This function mea-
sures the amount by which each attribute decreases the overall
entropy [64]. Attributes which result in a larger decrease in
entropy, or reduce the uncertainty in the outcome, are said to
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Figure 11: J48 decision tree starting at the root (box with rounded corners) which produces 4 branches (ellipses) and ends with 6 leafs (boxes). The fraction inside
each leaf is the number of instances that reached the leaf over how many of those instances were incorrectly classified (e.g., (46.6/4.4) means 46.6 instances made
it to that branch and 4.4 were incorrectly classified where the decimals are a result of the class balancing).
provide more information. An important distinction that should
be made between this method and the J48 decision tree is that
the Gain Ratio Attribute Evaluator considers the whole data set
when calculating the gain ratio for each attribute. This is dif-
ferent from J48 in that the J48 method only considers the data
available at each node in the branch to determine which is the
most important attribute at that point. The gain ratio for each
attribute is displayed in Table 2. This result agrees well with the
decision tree created earlier in that the top three attributes ac-
cording to their gain ratio are the three attributes present in the
tree. Furthermore, the importance of the disorientation angle is
reinforced by its being both the root of the tree and the most
informative attribute. Finally, it is shown that in this study, the
event stress does not contribute at all to predicting whether or
not transmission will occur as it has a gain ratio of 0.0.
4.3.3. Machine Learned Attributes Affecting Transmission
Events
The machine learning process provides unique insight into
the transmission process. It is significant that such an accurate
model to predict transmission can be created using predomi-
nately geometric attributes, especially RBV and disorientation.
The machine learning is not able to find any correlations to
event stress. The question then is whether this is a result of
the approach used in this work as discussed above, or if the
stress simply plays a secondary role to other attributes like the
prominent geometric criteria. However, that is not to say that
improvements to the model could not be made. By including
a larger variety of attributes in the transmission model created,
the ability to predict transmission improves. Perhaps there are
other attributes not included in this study, such as temperature,
that, if included in the model, could further improve its ability
to predict transmission. Therefore, the value of this model lies
in demonstrating the potential of more thorough studies which
consider more attributes to produce a superior model to predict
transmission.
4.3.4. Machine Learning of Absorption/Reflection
The same procedures used to create the decision tree and gain
ratio table for predicting transmission are performed for the cre-
ation of decision trees to predict absorption and reflection of
dislocations as well as to determine which attributes were most
informative of the subsequent GB event. For brevity, the results
of this analysis are discussed here and the resulting J48 deci-
sion trees and gain ratio tables are included in the supplemental
material (Figures S4 and S5 and Tables S3 and S4).
Similar to transmission, absorption of a dislocation is cor-
rectly predicted 77.0% of the time with a standard deviation
of 1.29% using a J48 decision tree, an improvement of about
30% from the baseline accuracy of 47.6%. Unsurprisingly, the
absorption decision tree reinforces the trend found for trans-
mission that disorientation angle plays a significant role in the
event. Here, a higher disorientation angle is found to be the
best indicator that a dislocation will absorb rather than reflect
or transmit. Furthermore, the gain ratio table for absorption
is similar in order of the more influential attributes to that of
the attributes for transmission, with disorientation angle and
minimum RBV being the two most informative attributes. The
trends displayed here are nearly equivalent to those found in the
transmission tree and information table, confirming that trans-
mission prefers smaller minimum RBVs and lower disorienta-
tion angles.
In contrast to transmission and absorption, reflection of a dis-
location was unsuccessfully predicted using machine learning.
The J48 decision tree for reflection improved the baseline ac-
curacy by only 11.5% , from 49.7% to 60.2% with a standard
deviation of 3.2%. After considering the decision tree and the
gain ratio for each of the given variables, this is not surpris-
ing. Unlike the other two decision trees, the decision tree to
predict reflection has nine branches and 11 leaves, meaning it
has many more frequent and smaller splits of the data, resulting
in an over-constrained tree. Furthermore, the root of the tree
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and the highest gain ratio value of any variable used to predict
reflection is the event stress, which is already known to contain
some uncertainty. Finally, none of the other variables associ-
ated with transmission or absorption are correlated with reflec-
tion, casting doubt on the ability to create an effective predictive
model of reflection with the current data set. Significantly more
data is required to understand what attributes influence reflec-
tion of dislocations at grain boundaries.
5. Conclusion
This study utilizes molecular dynamics to contribute new in-
sights into dislocation-GB interactions through the study of nu-
merous interactions occurring in a large variety of Ni bicrystals.
Geometric attributes as well as stresses and energies are used to
characterize the interactions. The major goal of the study is to
understand and ultimately predict whether a given dislocation
will transmit through a GB and if so, onto what slip system.
We find, as others do, that dislocation-GB interactions are an
extremely complex process. Despite this inherent difficulty, the
following general conclusions can be made.
Prediction of Transmitted Slip Systems
1. Transmissivity Factor (TF) predicts with reasonable ac-
curacy the slip system for transmission; an accuracy of
67.4% is obtained if only considering transmitted full dis-
locations and 55.8% if transmitted partial dislocations are
also considered.
2. The accuracy of the TF improves if used to only predict
the slip plane of the transmitted dislocation, 73.3% correct
if only considering transmitted full dislocations and 74.4%
accurate if transmitted partials are also considered.
3. For the majority of transmitted dislocations, the TF is
within 20% of the maximum TF capable for the given
dislocation-GB interaction.
4. RBV predicts well the slip direction for transmission. It
correctly predicts the slip direction 72.1% of the time
when only full transmitted dislocations are considered, de-
creasing to 64.0% when transmitted partials are included.
5. Predicting the slip system of a transmitted dislocation is
more accurate when only considering full transmitted dis-
locations as possible transmitted dislocations. Past studies
have focused solely on full dislocations [19, 23, 26, 44],
though their reasoning for doing so is not discussed, but it
may be due to the fact that they observed very little partial
slip activity.
6. The TF can be used to predict the correct slip plane 89.1%
of the time and the RBV can be used to predict the correct
slip direction 92.7% of the time for a transmitted dislo-
cation when only accounting for full incident dislocations
that transmitted as full dislocations.
7. While no correlation betweeen event stresses of
dislocation-GB interactions appear for the entire dataset,
some consistency in event stresses for the same slip
system over several GBs is observed.
Prediction of Dislocation-GB Events
1. The expected geometric trends in regards to transmission,
e.g. increased transmission frequency for smaller disori-
entation angles, hold for a large variety of GBs.
2. Reflection of dislocations occurs more frequently at twist
GBs than tilt GBs while the opposite is true of transmis-
sion. Both twist and tilt GBs are equally likely to absorb
dislocations.
3. Partial dislocations are more likely to transmit than full
dislocations; 53.5% of partial dislocations transmit and
43.2% of full dislocations transmit.
4. Twist GBs appear to have a GB energy barrier to transmis-
sion; approximately 950 mJ/m2 for the GBs studied here.
5. Utilizing machine learning to create a simple J48 decision
tree, transmission can be correctly predicted 75.5% of the
time and absorption can be correctly predicted 77% of the
time. Reflection is not effectively predicted in this study.
6. The relative importance of the studied attributes influence
on the interaction event is provided, also confirming that
transmission favors low-angle GBs.
7. Improvements to predictive capabilities can be achieved
by including more attributes in the model. This demon-
strates the potential for a physics based model that can
predict transmission/absorption.
8. Transmission can be reasonably predicted by knowing just
the dislocation type of the incident dislocation (full vs par-
tial) and the minimum RBV possible.
9. Although this study reveals important geometrical rela-
tionships between transmission and other dislocation-GB
events, it does not do a good job of measuring stress and
does not reveal conclusive relationships between RSS and
the resulting event.
However, Figure 7 reveals the potential for elucidating re-
lationships between the incident slip system, the disorien-
tation angle, and the given stress. A more carefully con-
trolled study of the stresses involved, like [16], would need
to be conducted for such relationships to be revealed.
Although there remains much work to be done to fully under-
stand dislocation-GB interactions, the current work offers new
insights into attributes that affect the transmission of disloca-
tions and the potential challenges in more accurately modeling
such interactions.
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